RNA-mediated, sequence-specific silencing of gene expression, termed RNA silencing, has been reported for plants (33, 48) , fungi (39) , and animals (16) and variously referred to as posttranscriptional gene silencing, quelling, and RNA interference, respectively. A common feature of RNA silencing is the processing of structured or double-stranded RNA into small interfering RNAs (siRNAs) of 21 to 25 nucleotides by members of the RNase III family of double-stranded RNA-specific endonucleases (Dicers). These siRNAs are then incorporated into an RNA-induced silencing complex that guides sequencespecific degradation of homologous RNA (reviewed in reference 56) .
RNA silencing plays a key antiviral defense role in plants (reviewed in reference 52) and has been demonstrated to influence virus replication in animal cells (31) . Viruses, in turn, produce proteins capable of suppressing host cell RNA silencing (reviewed in reference 46). RNA silencing is part of a larger set of regulatory pathways involving small RNAs that include microRNA (miRNA)-mediated developmental regulation in plants and animals (reviewed in reference 20). Recent findings (29) indicate that some viral suppressors of RNA silencing also contribute to virus-induced disease symptoms by interfering with miRNA-controlled developmental pathways.
Although RNA silencing in fungi is generally portrayed as having originated as an ancient antiviral defense mechanism, there is currently no experimental evidence to support this assumption. Our understanding of RNA silencing in fungi comes primarily from studies with the model filamentous fungus Neurospora crassa (4, 6, 11) . However, no experimental virus system is available for this organism. In this regard, the chestnut blight fungus, Cryphonectria parasitica, is closely related phylogenetically to N. crassa (15) and has a well-established experimental system for the study of mycoviruses in the family Hypoviridae that reduce the virulence of this pathogenic fungus (35) . Moreover, hypoviruses are phylogenetically related to plant potyviruses (30) and have been shown to encode a papain-like protease, p29, that shares sequence and functional similarities with the potyvirus-encoded suppressor of RNA silencing HC-Pro (47) . We have taken advantage of the hypovirus/C. parasitica experimental system to test whether Cryphonectria hypovirus 1-EP713 p29 (CHV1-EP713 p29) can serve as a suppressor of RNA silencing in fungi and plants. The results are discussed as they relate to the role of RNA silencing in fungi and the conservation of RNA silencing mechanisms across phylogenetic kingdoms.
MATERIALS AND METHODS
Fungal strains, growth conditions, and transformation. C. parasitica strains were maintained on potato dextrose agar (PDA; Difco) as described previously (21) . Preparative cultures for RNA isolation were grown for 7 days at room temperature under ambient light, with cellophane covering the growth medium to facilitate mycelial harvest. Preparation and transformation of C. parasitica spheroplasts were carried out essentially as described by Churchill et al. (10) . Hygromycin (40 g/ml), benomyl (0.7 g/ml), or blasticidin (300 g/ml) was included in the growth medium to provide for selection of transformants.
Nucleic acid procedures. General molecular biology procedures were carried out using standard techniques (41) . Fungal genomic DNA was extracted as described by Choi et al. (8) . Green fluorescent protein (GFP) transcript accumulation was measured using real-time reverse transcription-PCR (RT-PCR) with previously described primer/probe sets specific for 18S rRNA and GFP transcripts (36) , and the values were normalized using the comparative ⌬C t method relative to the amount of 18S rRNA in each sample, as described by Parsley et al. (36) . RNA was prepared from colonies grown on cellophaneoverlaid PDA as described previously (42) .
DNA sequencing was performed by the Center for Biosystems Research sequencing facility using the ABI-Prism BigDye Terminator Ready-Reaction cycle sequencing kit (Applied Biosystems) to prepare the sequencing reaction mixtures, which were analyzed on an ABI 3100 genetic analyzer (Applied Biosystems).
Plasmid constructs. Plasmid pGS was constructed using plasmid pCPX-NBn1, which is identical to pCPX-NBn2 (43) but has a polylinker with NotI, HpaI, HindIII, and SphI restriction sites in 5Ј-to-3Ј order. The NsiI site of pCPX-NBn1 was removed by digestion with NsiI, filling in the ends with T4 DNA polymerase, and self-ligation. Subsequently, a SacI-NotI fragment containing the C. parasitica glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter was replaced with a 900-bp SacI-NotI fragment containing the Aspergillus nidulans GPDA promoter (37) . Finally, the second intron of the C. parasitica GPD gene was amplified from genomic DNA with primers intF (5Ј TAT GCG GCC GCT CTA GAT TTC TGC AGT AAG TAA CAC ATA CCA AAC A 3Ј) and intR (5Ј TAT AAG CTT GCT AGC GCT ATG CAT CTG TGG GGG GAA GAG TAA ATT G 3Ј). The primers were designed to have NotI, XbaI, and PstI restriction sites 5Ј of the intron and NsiI, NheI, and HindIII 3Ј of the intron. The NotI-HindIII-digested PCR fragment was cloned into the NotI-HindIII sites of the modified pCPXNBn1 vector, resulting in plasmid pGS.
To construct pGS-2GFP, the enhanced GFP (EGFP) open reading frame was amplified from plasmid pPdEGFP (36) with primers GFP-NsF (5Ј TAT ATG CAT AGC AAG GGC GAG GAG 3Ј) and GFP-NhR (5Ј TAT GCT AGC TCG TCC ATG CCG AGA G 3Ј), digested with NsiI and NheI, and cloned into the NsiI/NheI-digested pGS vector, to create pGS-NNGFP. Subsequently, the digested GFP fragment was cloned into the XbaI-PstI sites of pGS-NNGFP, resulting in plasmid pGS-2GFP.
Plasmid pCPX-BSD1 was constructed by replacing the hygromycin phosphotransferase coding region of plasmid pCPX-Hy2 with the coding region for blasticidin-S-deaminase. pCPX-Hy2 is identical to pCPX-Hy3 (43) but has a polylinker as described above for pCPX-NBn1.
To construct plasmids pCPX-BSD/p29 and pCPX-BSD/mp29, the p29 coding region was amplified from pLDST (7) using primers NS26 and NS27 (47) for p29 and primer mp29F (5Ј TAT AAG CTT AAT GGC TtA ATg AAG AAA ACC CAG 3Ј; nucleotides introducing mutations are indicated in lowercase) and NS27 for mp29. The p29 amplicon was digested with SacI, blunted with T4 DNA polymerase, digested with SphI, and cloned into the HpaI/SphI-digested pCPX-BSD1 vector. The mp29 amplicon was digested with HindIII and SphI and cloned into the HindIII/SphI-digested pCPX-BSD1 vector. The sequences of the inserts were confirmed by sequencing.
To test whether p29 would be biologically functional in planta, p29 was expressed as a fusion protein with GFP. The complete coding sequences of the CHV1-EP713 p29 gene and its mutated derivative were PCR amplified using primers pp215 (5Ј GTC CGA Aat cgA TGG CTC AAT TAA GAA AAC CCA G 3Ј) and pp224 (5Ј GAA CCT TTc gGc CGG GTA ACC TGT GGA G 3Ј) or pp224 and pp216 (5Ј GTC CGA Aat cgA TGG CTt AAT gAA GAA AAC CCA G 3Ј), digested with ClaI and EagI, and cloned in frame to the GFP coding sequence in the ClaI/EagI sites of potato virus X (PVX)/GFP (5, 50) to produce PVX/p29-GFP and PVX/mp29-GFP, respectively. Introduced ClaI and EagI sites are underlined, modified nucleotides are in lowercase, and the start and mutated nonsense codons are in boldface. No p29-GFP fusion protein would be expressed from PVX/mp29-GFP due to the presence of two consecutive stop codons, TAA and TGA, that were introduced downstream of the p29 start codon. The integrity of the p29 and mp29 coding sequences was confirmed by nucleotide sequencing.
Constructs for transient expression of p29-GFP under a tandem repeat of the 35S promoter and polyadenylation sequences were also produced. Fragments encompassing p29-GFP and mp29-GFP coding sequences were excised from PVX/p29-GFP and PVX/mp29-GFP and cloned into a plant gene expression vector (18) to produce p35S/p29-GFP and p35S/mp29-GFP, respectively. The p29-GFP expression cassettes were then subcloned into pBINPLUS (49) to produce pBin35S/p29-GFP and pBin35S/mp29-GFP, which were electrotransformed into Agrobacterium tumefaciens LBA4404 (24) .
GFP fluorescence measurements. To measure GFP fluorescence of C. parasitica, colonies were grown for 4 days on PDA. Plugs from the growing edge of the colony were removed with a 5-mm cork borer and transferred to the wells of a black plastic 96-well plate, with the mycelium side facing up. Fluorescence at 507 nm was measured in a fluorescence plate reader (Perkin-Elmer, LS 55) with an excitation wavelength at 488 nm and cutoff set at 515 nm. As controls for background fluorescence, fluorescence of wild-type strain EP155 and EP155 transformed with pCPX/p29 was measured in triplicate. Relative fluorescence (RF) of transformants was calculated as follows: background fluorescence values of EP155, or EP155/pCPX/p29 in cases where pCPX/p29 was used, were deducted from the fluorescence values of the transformants. The resulting values were then expressed as percentages of the fluorescence of the recipient strain in the transformation.
Isolation and detection of siRNA. Small-RNA purification and detection were performed essentially as described by Catalanotto et al. (3) using Trizol reagent (Invitrogen) following the manufacturer's instructions with minor modifications. Frozen mycelia were homogenized with liquid nitrogen in a mortar and pestle, and approximately 300 mg was transferred to a tube with 3 ml Trizol reagent. Before chloroform was added, the homogenate was centrifuged at 12,000 ϫ g for 10 min. Following the first chloroform extraction, the top phase was reextracted with phenol-chloroform. The nucleic acids were precipitated by addition of 1/10 volume of 3 M NaAc, pH 5.2, and 3 volumes of 100% ethanol, incubation of the mixture at Ϫ20°C for 1 h, and centrifugation at 12,000 ϫ g for 30 min. The pellet was resuspended in 1 ml water, and large RNA species were precipitated by addition of polyethylene glycol 8000 to 5% and NaCl to 0.5 M, incubation for 30 min on ice, and centrifugation at maximum speed in a microcentrifuge at 4°C for 10 min. The supernatant containing the siRNAs was extracted once with phenolchloroform and once with chloroform, and the RNA was precipitated by addition of 3 volumes ethanol, incubation at Ϫ20°C for at least 2 h, and centrifugation for 30 min. The pellet was dissolved in 50 l water.
The low-molecular-weight RNAs were separated on a 15% polyacrylamide gel in the presence of 7 M urea and 0.5ϫ Tris-boric acid-EDTA (TBE) (1ϫ TBE is 89 mM Tris, 89 mM boric acid, 2 mM EDTA). An RNA size ladder (Decade markers; Ambion) was run along with the samples to determine the size of the hybridizing band. The nucleic acids were electroblotted onto GeneScreen Plus membrane (Perkin-Elmer) in 1ϫ TBE and cross-linked by UV irradiation.
Hybridizations were carried out overnight using Ultrahyb (Ambion) hybridization buffer at 40°C and a 32 P-labeled GFP probe prepared using a randomprimed labeling kit (Roche) according to the manufacturer's instructions. After hybridization, the blot was washed twice with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate for 10 min at 40°C.
Virus infection assays. PVX RNA transcripts were produced by in vitro transcription and mechanically inoculated onto Nicotiana benthamiana plants as described previously (5) . Plants were maintained in an insect-free growth room at 25°C with continuous lighting to give a 12-h photoperiod. To investigate viral coat protein (CP) and p29-GFP fusion protein expression, total protein was extracted from leaf tissues as described by Hong et al. (25) . Western blot analyses of protein aliquots (10 g) were performed with a polyclonal antiserum raised against PVX CP or GFP and detected using a goat anti-rabbit immunoglobulin G conjugated with alkaline phosphatase (Sigma) and 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium substrates (Roche).
Seedlings of transgenic N. benthamiana line 16c constitutively expressing GFP (2) were mechanically inoculated with RNA transcripts produced by in vitro transcription from SpeI-linearized PVX/GFP, PVX/p29-GFP, and PVX/mp29-GFP. Alternatively, seedlings of transgenic N. benthamiana line 16c were infiltrated with A. tumefaciens strain C58C1 carrying a functional 35S-GFP expression cassette or A. tumefaciens strain LBA4404 carrying pBin35S/p29-GFP or pBin35S/mp29-GFP. Induction and suppression of RNA silencing of GFP expression were routinely examined under long-wavelength UV light and photographically recorded using a Nikon Digital Camera Coolpix 990 through a yellow filter.
RESULTS
RNA silencing in Cryphonectria parasitica. An experimental system was developed to test predictions that p29 may function as a suppressor of RNA silencing in C. parasitica by transforming a transgenic GFP-expressing C. parasitica strain (cpEGFP [36] ) with a silencing vector, pGS-2GFP, designed to express an intron-containing hairpin RNA copy of the EGFP gene (Fig. 1A) and examining the resulting cpEGFP/pGS-2GFP (E2G) double transformants for GFP fluorescence. Reduced fluorescence was routinely observed in a high proportion of the double transformants, with a greater than 80% reduction in fluorescence observed for approximately 70% of the transformants ( Fig. 2A) . Southern analysis of several silenced transformants indicated intact transgenic EGFP promoter and cod- ing regions (data not shown), indicating that the reductions in GFP fluorescence were not due to disruption of the GFP transgene. Real-time RT-PCR analysis of four selected transformants with various degrees of GFP silencing showed reduced accumulation of GFP transcript in each transformant with an apparent general correlation between the level of GFP silencing and GFP transcript accumulation (Fig. 1B) . The generation of siRNAs is a hallmark of RNA silencing in plants and animals (56) and has been reported for RNA silencing in N. crassa (3), Magnaporthe oryzae (27) , and Aspergillus nidulans (19) . To confirm that the reduction in GFP fluorescence observed for the cpEGFP/pGS-2GFP transformants was a result of RNA silencing, low-molecular-weight RNAs were extracted and examined for the presence of GFP-specific siRNAs. As shown in Fig. 1C , GFP-specific siRNAs were observed for each of the RNA-silenced transformants, with a stronger signal observed for those strains showing the lowest fluorescence levels, i.e., the highest level of silencing.
Hypovirus papain-like protease p29 suppresses RNA silencing in C. parasitica. To test for p29-mediated suppression of RNA silencing, we first asked whether the presence of p29 would reduce the frequency and level of GFP silencing conferred by the pGS-2GFP hairpin RNA silencing vector. This was accomplished by constructing three sets of transgenic cpEGFP C. parasitica strains that also contained either a functional p29 coding sequence, a mutated p29 sequence (mp29) that contained two stop codons immediately after the ATG start codon, or the empty expression vector pCPX-BSD1 used to introduce the p29 sequences. Only cpEGFP/p29 transformants that showed the reduced-pigmentation phenotype characteristic of p29 expression (14) were used for further analysis. The production of mp29 transcripts in cpEGFP/mp29 transformants, which does not result in phenotypic changes, was confirmed by RT-PCR (results not shown). Three independent transformants that exhibited a level of fluorescence similar to that of the original cpEGFP were selected for each construct, cpEGFP/p29, cpEGFP/mp29, and cpEGFP/pCPX-BDS1, and the nine double transformant strains were then transformed with the silencing vector pGS-2GFP. Sixty transformants were selected for each of the nine transformation reactions (180 transformants total for each of the p29, mp29, and pCPX-BSD1 constructs) and analyzed for GFP fluorescence with a fluorescence plate reader. The values were compared to the fluorescence level exhibited by the corresponding recipient strain and divided into five groups based on RF as shown in Fig. 2 .
The pattern observed for transformants recovered from cpEGFP/m29 and cpEGFP/pCPX-BSD1 strains transformed with pGS-2GFP exhibited a slight but reproducible shift to the right, compared with the cpEGFP strain transformed with the same vector, with 52 to 56% of the transformants falling in the Ͻ20% RF group compared to 75% of the cpEGFP/pGS-2GFP transformants in this category (Fig. 2C and 2D ). In contrast, only 20% of the transformants recovered from the pGS-2GFP-transformed cpEGFP/p29 strains fell within the Ͻ20% RF group with approximately 50% of the transformants in the 40% to 60% RF group and above (Fig. 2D) . These results indicate that p29 is capable of suppressing hairpin RNA-triggered RNA silencing in C. parasitica.
We next asked whether p29 could reverse RNA silencing. To this end, two pGS-2GFP-silenced cpEGFP strains (E2G24 and E2G34; Fig. 1B) were transformed with either pCPXp29 or pCPXmp29, programmed to express p29 protein and transcribe mp29 RNA, respectively. To determine the effect of the transformation procedure on silencing, spheroplasts of the E2G24 and E2G34 strains were taken through a mock transformation reaction and fluorescence was measured for portions of mass-regenerated colonies. The relative fluorescence values for the mock-transformed silenced strains and pCPXp29 The RF values of mock-transformed E2G24 and E2G34 showed a modest increase over the values observed for the original transformants (6% versus 0% for E2G24 and 16% versus 2.5% for E2G34) but were less than 20% of cpEGFP fluorescence levels. As indicated in Fig. 3A , transformation of GFP-silenced strains E2G24 and E2G24 with pCPXmp29 did not interfere with silencing, since the majority (approximately 70%) of the transformants still had RF values of less than 20% of the fluorescence level of cpEGFP (Fig. 3A) . However, transformation with the nonmutated p29 coding region resulted in a shift in RF values, with fewer transformants (34%) showing the lowest level of GFP fluorescence, and an increasing number of transformants (47%) exhibiting RF values between 20% and 40% of cpEGFP fluorescence (Fig. 3B) . All of the transformants containing the functional p29 coding region showed the reduced-pigmentation phenotype characteristic of p29 expression (14) . These results suggest that p29 can also reverse established RNA silencing in C. parasitica.
Hypovirus CHV1-EP713 papain-like protease p29 suppresses RNA silencing in a heterologous plant system. Since p29 shares significant amino acid sequence similarity with the well-documented potyvirus-encoded RNA silencing suppressor HC-Pro (9, 30, 47), we speculated that p29 could also function as an RNA silencing suppressor in plants. This was tested using the established PVX expression vector-based virus-induced gene silencing (VIGS) assay (40) . Seedlings of gfp transgenic Nicotiana benthamiana line 16c plants were inoculated mechanically with in vitro-synthesized RNA transcripts of either the PVX expression vector containing the GFP gene, PVX/GFP (Fig. 4A) ; the GFP gene fused at the 5Ј end with the p29 coding sequence, PVX/p29-GFP; or the GFP gene fused with the mutated p29 sequence that contained two stop codons immediately downstream of the start codon, PVX/mp29-GFP (Fig. 4A) . As indicated in Fig. 4B , free GFP (26.9 kDa) and p29-GFP fusion protein (55.9 kDa) were detected by Western analysis in protein extracts from N. benthamiana plants infected with PVX/GFP or PVX/p29-GFP, respectively, but not in extracts of PVX/mp29-GFP-infected plants.
Mock inoculation and infection with wild-type PVX had no FIG. 2. Effect of p29 expression on induction of pGS-2GFP hairpin-mediated RNA silencing. Hairpin RNA silencing plasmid pGS-2GFP was introduced into the cpEGFP strain and into double transformants expressing EGFP and either a functional p29 coding sequence, a mutated p29 sequence (mp29) that contained two stop codons immediately after the ATG start codon, or the empty expression vector pCPX-BDS1 used to introduce the p29 sequences. The transformants were divided into five groups based on their RF: Ͻ20% of the fluorescence of the corresponding reference strain, 20% to 40%, 40% to 60%, 60% to 80% and Ͼ80%. The bars in the histograms indicate the percentages of the total number of transformants that fall into each RF group. (Fig. 5A) . However, plants inoculated with PVX/GFP first showed silencing of expression of both the gfp transgene and the gfp gene inserted into the PVX genome approximately 7 days postinoculation (dpi). Silencing was complete at 20 dpi and maintained. gfp-silenced plants displayed only red autofluorescence of chlorophyll under UV illumination (Fig. 5B) . Similar silencing of gfp expression was seen in plants infected with PVX/ mp29-GFP (Fig. 5D ). These data indicate that insertion of a nontranslatable p29 RNA sequence and the silencing suppressor p25 encoded by PVX had no effect on PVX/GFP-based induction of RNA silencing. In contrast, expression of a p29-GFP fusion protein reproducibly produced a characteristic pattern of RNA silencing suppression in line 16c plants inoculated with PVX/p29-GFP. GFP expression (green fluorescence) was only sporadically visible in laminae or around the veins of older leaves but remained strong in stems and tissues of emerging and young developing leaves (Fig. 5C) . A common feature of VIGS in plants is the "symptom recovery" phenotype following initial viral infection due to degradation of viral genomes by an RNA silencing mechanism (13, 38) . PVX/GFP, PVX/mp29-GFP, and PVX/p29-GFP all induced local lesions on inoculated leaves of line 16c plants 3 to 5 dpi and systemic mosaic and chlorotic symptoms on younger leaves 7 dpi. In addition to gfp transgene expression, local and systemic expression of GFP or p29-GFP from PVX/GFP or PVX/p29-GFP, respectively, was found in tissues showing symptoms of infection by either recombinant virus (data not shown). Consistent with the occurrence of RNA silencing, PVX/GFP-inoculated line 16c plants gradually recovered from the initial infection. They showed only sporadic mosaic symptoms on younger expanding leaves and were almost symptomless on newly emerging leaves, as in mock-inoculated plants, 20 dpi ( Fig. 5E and F) . Unexpectedly, no symptom recovery was observed in line 16c plants inoculated with PVX/mp29-GFP (Fig. 5H) . Here, severe mosaic and chlorotic symptoms persisted, although gfp RNA silencing was induced efficiently and Proteins were extracted from young leaves of mock-inoculated plants and plants infected with PVX/GFP, PVX/p29-GFP, and PVX/mp29-GFP 10 dpi. An aliquot of 10 g total proteins was separated on a sodium dodecyl sulfate-polyacrylamide gel and detected by Western blotting using antibodies specific to GFP (top) and PVX CP (bottom). The positions of CP, GFP, and GFP-tagged p29 are indicated.
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SEGERS ET AL. EUKARYOT. CELL maintained throughout the whole plant ( Fig. 5D and H) . Significantly, PVX/p29-GFP-inoculated line 16c plants also showed no symptom recovery phenotype, consistent with the occurrence of reciprocal suppression of gfp transgene and viral RNA silencing by p29 (Fig. 5G) . Interestingly, in these plants the laminae of young expanding and new emerging leaves that exhibited greater GFP fluorescence were less symptomatic. However, gfp RNA silencing subsequently occurred in those leaf sections that later became severely infected ( Fig. 5C and G). To account for this observation, we propose that p29 probably blocked spread of silencing before the recombinant PVX delivered a sufficient amount of sequence-specific silencing inducer (i.e., gfp RNA) into nonsilencing plant cells and tissues. Hypovirus CHV1-EP713 p29 does not alter cell-to-cell movement of RNA silencing but blocks long-distance spread. The p25 movement protein of PVX has been shown to influence the spread of RNA silencing in N. benthamiana, potentially complicating the interpretation of suppression activity of an unknown silencing suppressor when using a PVX-based expression system (54) . Thus, it is arguable that even if PVX p25 is unable to interfere with silencing induction in the aforementioned assay, this suppressor could still have synergistic effects with the CHV1-EP713 p29 protein. It was therefore important to demonstrate the silencing suppression activity of p29 in a background that excludes p25 and other silencing suppressors. To achieve this, we examined the effects of p29 on both local and systemic RNA silencing in plants by using an agroinfiltration assay. Agroinfiltration of an additional 35S-GFP transgene into line 16c plants resulted in local silencing of transient and resident GFP expression at the infiltrated sites and systemic gfp RNA silencing in young and noninfiltrated leaves. These tissues exhibited red fluorescence from chlorophyll rather than green fluorescence from GFP. Not surprisingly, a similar pattern of local and systemic gfp RNA silencing was triggered by the nontranslatable mp29-gfp RNA, in line 16c plants infiltrated with A. tumefaciens strain LBA4404 carrying pBin35S/mp29-GFP (Fig. 6C and D) . Infiltration of A. tumefaciens strain LBA4404 carrying pBin35S/p29-GFP into line 16c plants also induced local gfp RNA silencing, showing the typical red fluorescent rings encircling the infiltration patches instead of green fluorescence (Fig. 6A) , a hallmark associated with cell-to-cell movement of RNA silencing (22) . However, consistently, no gfp RNA silencing was observed in noninfiltrated young leaves of these plants (Fig. 6B) . Thus, expression of p29-GFP fusion protein from pBin35S/p29-GFP in line 16c plants did not interfere with induction or cell-to-cell spread of transient and resident gfp RNA silencing but blocked spread of gfp RNA silencing to distal plant tissues. These data reinforced the conclusion drawn from the VIGS assay.
DISCUSSION
Suppressors of RNA silencing have been identified for a large number of plant viruses and a growing number of animal viruses (recently reviewed in reference 53). Although RNA silencing has not been shown experimentally to serve as an antiviral defense mechanism in fungi, the results presented here show that a fungal virus, hypovirus CHV1-EP713, does encode a protein that is able to suppress RNA silencing in its fungal host. Moreover, the hypovirus-encoded p29 protein was able to suppress RNA silencing in a heterologous plant system, providing additional evidence for cross-kingdom conservation of RNA signaling mechanisms.
The RNA silencing assay developed for C. parasitica is characterized by a strong correlation between RNA silencing of a GFP transgene, reduced accumulation of GFP mRNA, and increased accumulation of GFP-specific siRNA (Fig. 1) . The use of an intron-containing hairpin RNA-expressing vector (55) resulted in quite efficient RNA silencing with approximately 70% of transformants showing an 80% or greater reduction in fluorescence. This compares well with the silencing efficiency reported for two endogenous genes in N. crassa using a similarly designed silencing vector (17) .
Since the cpEGFP/pGS-2GFP transformants exhibit a spectrum of silencing levels rather than an all-or-none response, we took a number of precautions in designing the experiments to test the ability of p29 to suppress hairpin RNA-induced RNA silencing. In the prevention assay, we carefully selected cpEGFP/p29, cpEGFP/mp29, and cpEGFP/pCPX-BDS1 transformants that exhibited a level of fluorescence similar to that of the original cpEGFP and three independent transformants of each construct were used for each pGS-2GFP-mediated silencing assay. Moreover, fluorescence levels for all of the subsequent pGS-2GFP transformants were normalized against the corresponding recipient strains. The presence of empty pCPX-BDS1 vector or vector containing the mutated p29 coding sequence in the cpEGFP recipient strains did result in a slight shift in the relative fluorescence distribution pattern for the pGS-2GFP transformants compared to the distribution of the cpEGFP/ pGS-2GFP transformants (Fig. 2) . We also observed minor changes in the distribution of silenced transformants when a silenced strain was transformed with the empty vector (not shown) or the vector containing the mutated p29 sequence (Fig. 2) in the reversal assay. Thus, there appears to be a level of noise associated with the transformation process. Nevertheless, very substantial changes in the relative fluorescence distribution pattern were observed in both the prevention (Fig. 2 ) and the reversal (Fig. 3) experiments for the vectors containing the functional p29 coding sequence.
The suppressor activity of p29 was predicted based on similarities to the well-characterized potyvirus-encoded suppressor of RNA silencing HC-Pro (9, 30) and previous reports that p29 could act in trans to increase accumulation and transmission of hypovirus RNA (47) . Both p29 and HC-Pro exhibit papain-like protease activity and share striking similarities in the sequences surrounding the catalytic cysteine and histidine residues and the spacing of these essential residues relative to the respective cleavage sites (9) . The N-terminal portions of the two proteins also contain four conserved cysteine residues, (47) is reminiscent of the reported HC-Pro-mediated amplification of tobacco etch potyvirus RNA (28) . Both proteins also appear to alter host developmental processes when expressed in the absence of virus infection. For example, C. parasitica transformants expressing p29 exhibit reduced levels of asexual sporulation and pigmentation (14) , while expression of HC-Pro results in the formation of small tumors in N. benthamiana (1) and interference with development and miRNA function in Arabidopsis species (29) . Although miRNAs have not been identified in fungi, phenotypic consequences of p29 expression in C. parasitica could be caused by disruption of an as-yetunidentified endogenous RNA silencing regulatory pathways. In this regard, it will be of interest to see whether HC-Pro suppresses RNA silencing and causes phenotypic changes when expressed in fungi.
The similarities between p29 and HC-Pro extend to the ability of p29 to serve as a suppressor of RNA silencing in plants. This result does not necessarily mean that the two proteins use evolutionarily conserved mechanisms to suppress RNA silencing. Viruses have developed a surprisingly diverse array of strategies to counteract RNA silencing defense measures (reviewed recently in reference 53). The assays used for examining p29-mediated suppression of RNA silencing do not permit one to distinguish between suppression of initiation and maintenance of RNA silencing. It is clear, however, that p29 does suppress systemic spread of RNA silencing in plants. A comprehensive comparative study of p29 and HC-Pro in the reciprocal plant and fungal systems, now in progress, is required to elucidate the precise details of the suppression of RNA silencing by the related proteins. It is anticipated that such studies will provide new insight into the evolution of RNA silencing and virus-encoded suppressors of RNA silencing.
The observation that PVX/mp29-GFP-infected plants failed to establish the typical symptom recovery phenotype but continued to express severe symptoms in the presence of strong RNA silencing (Fig. 4 ) was unexpected and accompanied by the accumulation of high levels of PVX/mp29-GFP RNA (data not shown). In this regard, viroids, which consist of naked small circular single-stranded RNAs that do not encode any protein, as well as some plant viruses, can establish systemic infections in plants where RNA silencing is efficiently induced (23, 26, 32, 51) . This suggests that an RNA-triggered escape or "getaway" mechanism (51) may operate to suppress RNA silencing in the absence of protein factor-mediated suppression of RNA silencing. Such RNA elements may facilitate the formation of structures that protect against or subvert targeting by activated RNA silencing surveillance systems. Alternatively, these RNA elements may contribute to increased replication and viral RNA accumulation, thus allowing some copies to escape RNA silencing. Experiments to test these possibilities and identify domains within the p29 RNA coding region that might contribute to the absence of a symptom recovery phase in PVX/ mp29-GFP-infected plants are in progress.
The current view of RNA silencing in fungi is derived primarily from studies of N. crassa. Two RNA silencing pathways have been identified: quelling and meiotic silencing of unpaired DNA. The latter pathway silences the expression of genes within meiotically unpaired regions of DNA and occurs exclusively in sexual tissues (44, 45) . Quelling operates during the vegetative phase of N. crassa growth and silences expression of tandemly integrated transgenes (12) and transposons (34) . The demonstration in this report that a fungal virus encodes a suppressor of RNA silencing provides indirect evidence that RNA silencing also serves as an antiviral defense mechanism in fungi. The close phylogenetic relatedness to N. crassa, the availability of infectious cDNA clones for several hypoviruses (15) , and a robust C. parasitica transformation protocol (10) make the C. parasitica hypovirus system uniquely suited to directly test this hypothesis.
